Novel precursors for the growth of device-quality ZnSe-based compounds  by Prete, P & Lovergine, N
Dr P Prete, 
IME-CNR 
(paola.prete@ime.le.cnr.it) 
and 
Professor N Lovergine, 
University of Lecce, Italy 
Despite the success of Ill-nitride materials in illumination in the liquid crystal displays of 
the fabrication of short-wavelength emitters, cell phones). In particular, with zinc selenide 
wide-bandgap II-VI compound semiconductors based diodes beginning to enter the market, 
remain interesting alternative materials in the possibility of establishing a metalorganic 
many respects. This is especially true for vapour phase epitaxy process for these 
mixed-colour and white light emitting diodes materials is being raised by recent work on a 
(for example, for incorporation as backlight novel class of precursor chemicals. 
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Colour liquid crystal displays need backlights 
that emit white light.This can be achieved by 
using either three primary-colour (red, green and 
blue) light emitting diodes (LEDs) or a pure 
white light source. 
IJsing III-V materials, sapphire can be used as a 
substrate for blue and green InGaN-based LEDs 
and GaP for red LEDs. However, by comparison, 
a unique feature of &Se-based compounds is 
that mixed-colour (red, green and blue) LEDs can 
be fabricated on the same substrate material. 
For example, InP has been studied by Tamargo 
et al of Columbia [Jniversity, USA as a substrate 
for the fabrication of ZnCdMgSe-based blue, 
green and red LEDs by molecular beam epitaxy 
(MBE). Direct monolithic integration of mixed- 
colour LEDs based on II-V& can therefore be 
foreseen.An additional feature of this approach is 
the ability to grow the diode on a conductive 
substrate, in contrast to the III-nitride case where 
the highly insulating sapphire requires complex 
device design and increased costs. 
White LEDs can also be fabricated by ZnSe-based 
heterostructures grown on ZnSe single crystals 
(homoepitaxy) using the internal photolumines- 
cence effect: the blue-green luminescence 
from the p-n junction is partly absorbed by 
point defects intentionally created in the ZnSe 
substrate, leading to an intense broad yellow 
luminescence band which superposes over the 
bluish luminescence so that the overall emission 
of the device appears white to the naked eye. 
By contrast, in the III-nitride case the white LEDs 
are hybrid devices, in which a phosphor absorbs 
the blue luminescence from a GaN-based diode 
and converts it into a white emission band. 
However, one of the drawbacks of this approach 
is the additional costs involved in the phosphor 
coating and packaging steps. 
The fabrication by MBE of a ZnSe-based 
homoepitaxial white LED was reported for the 
first time in November 1999 by Sumitomo Electric, 
which last year announced its commercialisation. 
Production started in the Fall 2000 at its Osaka 
Works (see May/June 2000 Issue 3, page 17). 
The LED’s performance was reported to be 
comparable to that of a III-nitride white LED. 
MOVPE vs MBE growth 
However, a major drawback of ZnSe-based 
LED fabrication is its dependence on MBE, 
compared to the III-nitride case where MOVPE 
is used, which is more suited to lower-cost mass 
production. 
Over the past decade much effort has therefore 
been devoted to the growth of device-quality 
&Se-based heterostructures by both MBE and 
MOVPE (with quality improving steadily). 
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However, the MOVPE growth of device-quality 
wide-bandgap II-VI materials is still far from 
being achieved. A major limitation of the 
process has proven to be the difficulty in 
achieving substantial p-type doping in ZnSe and 
related compounds. 
One of the preferred methods for both 
MOVPE and MBE is nitrogen doping. While 
N-doping is achieved in MBE by using 
high-power nitrogen plasma sources, 
the MOVPE process uses nitrogen alkyl 
precursors. ZnSe:N epitaxial layers grown 
by MBE can now reach hole concentrations 
up to the mid-lot* cm-s. 
However, attempts at p-type doping in MOVPE 
have not been as successful. Nitrogen incorpo- 
ration during the MOVPE growth of ZnSe is 
achieved by using ammonia or nitrogen precur- 
sors such as alkyl amines.This results in the 
efficient incorporation of nitrogen atoms in 
ZnSe with a concentration easily reaching 
10~9-10z0 cm--). However, hole concentrations in 
as-grown ZnSe:N samples remain in the range 
1015-10’” cm-3 (too low for practical device fab- 
rication) as a result of the efficient compensa- 
tion of nitrogen acceptors. 
Figure I. Schematic chemical structures of dimethyldiselenide (Me2Se2) and diethyldwiphide (Et2S2) 
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Figure 2 An Arrhenius plot of ZnSe and ZnS growth rates 
as a function of growth temperature. So/Id points refer to 
data obtained by using MezSez or EtzSz in combination 
with dimethyl-zinc:trie thylammine (Me,Zn:NEt,i as Zn pre- 
cursor Light points refer to data reported In the literature 
for MOVPE growth by Me$e (Mitsuhashi et al) or EtzS 
(fullta et a/) in comb/nation with Me_,Zn. 
The major source of electrical compensation 
in MOVPE-grown ZnSe:N is unintentional hydro- 
gen incorporation: [H] up to 10’9-1020 cm-3 
has been measured in both doped and 
undoped ZnSe and ZnS epitaxial layers, 
indicating that a general mechanism is behind 
such an effect. 
The atomic hydrogen does not directly origi- 
nate from the H, carrier gas used in MOVPE, 
but instead comes from intrinsic surface 
kinetic decomposition steps involving the Se 
and S alkyls commonly used for the MOVPE of 
ZnSe-based compounds. The formation of a 
strong Se-H (or S-H) bond at the growth surface 
is the fundamental step leading to the efficient 
incorporation of H into the crystal. Undoped 
ZnSe grown by using different Se sources 
shows H levels steadily increasing with the use 
of higher hydrocarbon alkyl species.The H con- 
centration reaches mid-lo19 cm-3 for ZnSe epi- 
layers grown by ditertiarybuthylselenide 
(tBu2Se), whereas H levels around 2x10’7 cm-3 
can be achieved with diethylselenide (Et$e). 
This is due to the different proclivity of Se 
alkyls to decompose through P-hydride elimina- 
tion reactions, rather than by homolytic fission 
(see Box), leading to the direct formation of Se- 
H bonds at the growth surface. Energy balance 
considerations suggest that this tendency is 
minimal for lighter hydrocarbon alkyls such as 
Et,Se, but it is totally suppressed for methyl 
(Me) containing Se alkyls, such as dimethylse- 
lenide (Me$e). 
Atternative strategies 
Due to their high thermal stability, EtzSe and 
Me,Se require pyrolytic MOVPE temperatures 
well in excess of 450°C. Similarly, dimethylsul- 
phide and diethylsulphide need temperatures 
above 480°C. However, growth temperatures 
should stay below 400°C in order to (a) limit 
interdiffusion and achieve interface sharpness in 
II-VI based heterostructures and (b) reduce point 
defect generation (which causes non-radiative 
recombination and the multiplication/propaga- 
tion of extended defects, which limits the LED’s 
lifetime). 
Photo-assisted MOVPE is a common strategy to 
lower the process temperatures, while post- 
growth high-temperature annealing under inert 
atmosphere is adopted to out-diffuse H from the 
material. (The latter is also adopted for the elec- 
trical activation of H-passivated acceptors in 
MOVPE-grown GaN:Mg.) 
The intrinsically limited area of the photo-assist- 
ed process make it difficult to scale it up to mass 
production, while thermal annealing above 
450°C affects the optical quality of II-VI LEDs. 
A pyrolytic low-temperature MOVPE process 
without thermal annealing steps remains the 
ideal process for device-quality wide-bandgap 
II-VIs, providing that the trade-off between the 
proclivity of Se and S alkyls to incorporate H and 
their thermal stability is overcome. 
Novel selenium and sulphur 
precursors 
In an effort to find a solution to the problem, the 
IME-CNR/University of Lecce group has proposed 
a novel class ofVI-group alkyl precursors of the 
form R2X2 [where X=Se, S and R = an ethyl or 
Me radical] .The proposed alkyls are linear mole- 
cules formed by an X-X chalcogen dimer bound- 
ed at both ends by alkylic radicals (illustrated 
schematically in Figure 1). 
Most of the work concentrated on dimethyldise- 
lenide (Me,Se,) and diethyldisulphide (Et&), 
which are colourless liquid precursors with boil- 
ing temperatures of 156°C and 152”C, respectively. 
Corresponding temperatures for Me,Se and Et,S 
are 58.2”C and 88°C. Despite the higher boiling 
temperatures of the new precursors, growth 
experiments have confirmed their fairly good 
volatility. 
The fundamental feature of the novel alkyls is 
their molecular structure, which allows a 
reduced thermal stability with respect to corre- 
sponding standard precursor (e.g. containing 
only one S or Se atom); the lower stability is 
ascribed to a weakening of the X-C bonds 
induced by the presence of the strong X-X bond. 
This was confirmed by estimation of the mole- 
cule’s relative bond strengths based on both 
mass spectrometry fragmentation experiments 
and density functional calculations. 
Atmospheric-pressure MOVPE growth experi- 
ments using Me,Sez and Et,S, have confirmed 
the conclusions, showing pyrolytic growth of 
Zn(S)Se compounds below 400°C - around 
150°C below that required by Me@ and Et,S. 
For Me,Se*, growth down to 330°C has been 
achieved (see Figure 2). 
The second important feature of these 
novel precursors is the reduction of uninten- 
tional hydrogen in as-grown epilayers. In ZnSe 
grown at 370°C by Me$e,, hydrogen 1eveIs are 
-(1-3)x1017 cm-3 (see Figure 3).This is one 
order of magnitude lower than found in stan- 
dard pyrolytic-grown &Se (below 400%). 
As P-hydrogen reactions do not occur for 
Me,Sez, this substantially Iowers the amount of 
H in the 1ayers.A similar situation is expected 
for Me& and reduced level of H are also to 
be found in ZnS. 
It is noteworthy that the residual H observed in 
the ZnSe epilayers is ascribed to Me radical 
attack of the H, carrier gas.This leads to the pro- 
duction of atomic hydrogen on the surface or 
close to it, which is then incorporated into the 
ZnSe crysta1.A reduction of pressure during 
growth would further reduce this level to below 
10’7 cm-s. 
The crystalline quality of as-grown Zn(S)Se 
epilayers compares fairly well with that of 
materials grown by either MBE or standard 
MOVPE. Furthermore, the combination of 
MezSez and Et,S, allows the growth of 
ZnSSe ternary alloys throughout the entire 
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Figure 3. SIMS-calibrated depth profile of H concentration for a ZnSelGaAs sample grown at 
370°C by using Me,Se* in combination with MezZn:NEt3. The average H /eve/ In the ZnSe 
epilayer amounts to 2.9x10” cm-3 The ZnSe thickness is around 1.85 pm. 
compositional range, while the expected 
absence of parasitic reactions with II-group 
alkyls allows the growth of ZnMgSSe and 
ZnCdMgSe compounds. 
Low-temperature luminescence of ZnSe epilay- 
ers shows pronounced excitonic band-edge 
emissions and weak deep-level contributions, 
while dominant Cl-related self-activated emis- 
sions are observed for ZnS epilayers. Secondary 
ion mass spectrometry (SIMS) elemental analy- 
sis performed on ZnSe samples also indicates 
unintentional halogens (Cl and I> in the epilay- 
ers at the 1014-1015 cm-3 level. Halogens most 
likely originate from residual halides in the 
Me,Se, and Et& batches, pointing out the 
insufficient purity of the alkyls. Further 
purification by successive distillation has been 
undertaken for several of these precursors 
in collaboration with Epichem Ltd 
(Bromborough, UK). 
More details on this topic were due to be pre- 
sented at the IOth Zrzt. Co@ on ZZ-VZ 
Compounds in Bremen, Germany on 9-14 
September 2001. 
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